Histone methyltransferase (HMT) enzymes that methylate the lysine of histones are involved in chromatin-mediated gene expression. Previously, we reported that a novel polymorphism of SUV39H2, the HMT that is required for the methylation of H3-K9, was associated with an increased risk of lung cancer in Koreans. The retinoblastoma protein-interacting zinc finger gene RIZ (PRDM2) is also a member of a histone/protein-methyltransferase superfamily, and the inactivation of RIZ in many cancers was detected as frameshift mutations, hypermethylation and missense mutations. In this study, we show the association of RIZ polymorphisms with the risk of lung cancer. In a hospital-based study of 335 lung cancer patients and 335 age-and gender-matched healthy controls, 120 polymorphisms of RIZ were screened. Of the 120 genotyped single nucleotide polymorphisms (SNPs), 42 SNPs were selected for the statistical analysis based on their frequency (.5%) and linkage disequilibrium [LD; only a representative SNP was analyzed if there were absolute LDs (r 2 5 1)]; this resulted in three LD blocks. The þ92337G.A and þ95701C.A polymorphisms showed a statistically significant association with the reduced risk of lung adenocarcinomas after correcting the P values for multiple testing [for carrying one variant allele versus none, adjusted odds ratio (aOR) 5 0.55 (95% CI 5 0.38-0.78), corrected P 5 0.04; aOR 5 0.54 (95% CI 5 0.38-0.77), corrected P 5 0.02, respectively]. One haplotype (Ht5) in LD block 3 of RIZ was significantly associated with the reduced risk of lung adenocarcinomas (aOR 5 0.28, 95% CI 5 0.13-0.58) as well as overall lung cancer (aOR 5 0.50, 95% CI 5 0.30-0.82). This study suggested that RIZ polymorphisms may be important predictive markers for lung cancer susceptibility.
Introduction
Lung cancer is the leading cause of cancer mortality worldwide and also in Korea. Although cigarette smoking is an established risk factor for lung cancer, genetic diversity plays an important role in determining the ultimate outcome following exposure to tobacco carcinogens. Certain genetic polymorphisms of several genes have been associated with individual susceptibility to lung cancer due to their ability to modify the effect of tobacco smoke carcinogens (1, 2) . Molecular epidemiologic studies have reported the relationships of lung cancer with polymorphisms of genetic susceptibility genes, including metabolizing enzymes (cytochrome P450s, glutathione S-transferases) and DNA repair enzymes (hOGG1, XRCC1), to elucidate the correlation with lung cancer susceptibility (3) (4) (5) (6) (7) . Furthermore, the possible association of cancer susceptibility and genetic variations in the genes involved in the structure of the chromatin and histone methylation has been investigated in cancer studies (8) (9) (10) . Recently, the association between a polymorphism of SMYD3, a histone H4 lysine 4-specific methyltransferase, and cancer was reported. The tandem repeat polymorphism of SMYD3 increased the risk of colorectal cancers, hepatocellular carcinomas and breast cancers (8) . Cebrian et al. (9) reported a preliminary observation regarding the association with breast cancer for variants in DNA methyltransferase and histone methyltransferases (HMTs). We also reported the increased lung cancer risk associated with a polymorphism of SUV39H2, one of the HMTs (10) .
HMT class enzymes contain a conserved catalytic core domain termed the SET (Suvar3-9, Enhancer of zeste, Trithorax) domain, which shares sequence homology with an independently described sequence motif, the PR (PRDI-BFI and RIZ) domain (11) . Isolated as a retinoblastoma-binding (Rb) protein, RIZ contains the Rbbinding motif, the nuclear hormone receptor-binding motif and the PR domain (12, 13) . The RIZ gene that is located on human chromosome 1p36 produces two mRNAs, RIZ1 that contains the PR domain and RIZ2 that lacks this domain (14) (15) (16) . RIZ1 but not RIZ2 has tumor suppressive properties and is frequently silenced in many human cancers, including breast, liver, colon and lung cancers (17) (18) (19) . It has been shown that promoter hypermethylation of RIZ1 is a common mechanism involved in the inactivation of the RIZ1 gene (20) (21) (22) . Frameshift mutations of the RIZ gene frequently occur in microsatellite instability-positive tumors of the colon, stomach, endometirum and pancreas (23) (24) (25) . Missense mutations of RIZ1 that target the PR domain were also reported in human diffuse large B-cell lymphoma (DLBL) (26) . Moreover, RIZ1 mutant mice showed a high incidence of DLBL and a broad spectrum of unusual tumors. RIZ1 deficiency also accelerated tumorigenesis in p53 heterozygous mutant mice (26) . These findings suggest that genetic variations in the RIZ gene could be associated with tumor formation.
To test the hypothesis that genetic polymorphisms of the RIZ gene are associated with the risk of lung cancer, we analyzed the polymorphisms and haplotypes of RIZ in a Korean population.
Materials and methods

Study population
This is a hospital-based matched case-control study. Three hundred and thirtyfive cases were recruited from the patients with histologically confirmed lung cancer who visited the National Cancer Center in Korea and voluntarily participated in a health questionnaire survey conducted from May 2002 to July 2003. They donated blood for genetic tests after signing the informed consent form that was approved by the institutional review board. There were no recruitment restrictions with regard to gender or cancer stage; however, only subjects who were not older than 70 years were recruited. None of these cancer patients had received previous chemotherapy or radiotherapy prior to their recruitment. For comparison, a total of 335 control subjects were individually matched with lung cancer patients for age (±3 years) and gender. These control subjects without a prior history of cancer were recruited from the visitors of our institution for a cancer-screening program. Information on demographic characteristics including gender, age, smoking habits and family history of cancers was obtained from self-administered questionnaires (for controls) or a personal interview (for cases) administered by a trained personnel after written informed consent was obtained. Genotyping RIZ polymorphisms A total of 120 single nucleotide polymorphisms (SNPs) of the RIZ gene (NM_012231) were selected from the International HapMap Project data, (www.hapmap.org) for this study. Genomic DNA was extracted from the peripheral blood by using a QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA) in accordance with the manufacturer's instructions. For a highly multiplexed SNP genotyping assay, the GoldenGate genotyping assay (Illumina Inc., San Diego, CA) that combined an oligonucleotide ligation and allelespecific extension reaction was performed (27) .
Statistical analysis
To test for the differences in demographic characteristics between lung cancer cases and controls, Pearson's v 2 test categorical variables and Wilcoxon ranksum test were performed for continuous variables. With regard to smoking habits, the former and present smoking status, the number of cigarettes smoked per day and the time of starting and quitting were investigated. Individuals who had either formerly or currently smoked .100 cigarettes during their lifetime were defined as ever smokers. In order to distinguish them from current smokers, former smokers were defined as those who had ceased smoking for !1 year at the time of sample collection. Never smokers were defined as subjects who had smoked ,100 cigarettes during their lifetime. As a measure of cumulative smoking exposure, pack-years was defined as the average number of packs (20 cigarettes/pack) of cigarettes smoked per day multiplied by the total number of years of smoking.
SNPs with duplicate error or a minimum call rate under 98% were excluded for statistical analysis. Hardy-Weinberg equilibrium was tested for the genotyping results of controls. A level of P , 0.01 was accepted as statistically significant for the Hardy-Weinberg equilibrium test. If a polymorphism was not in HardyWeinberg equilibrium (P , 0.01), it was also excluded for further analysis.
We employed a widely used measure of linkage disequilibrium (LD) between all pairs of biallelic loci, Lewontin's D# (|D#|) (28) and r
2
. LD blocks were identified using Haploview software (29) . The |D#| values for all pairs of SNPs were calculated and the haplotype blocks were estimated using the confidence interval method (30) . Haplotypes of each block and individual were inferred using the algorithm developed by Stephens et al. (31) , which (PHASE) uses a Bayesian approach incorporating a priori expectations for haplotype reconstruction. Phase probabilities of each site were calculated for each individual by this software and the haplotype with the highest probability for each sample was used for the further analysis. Genetic effects of inferred haplotypes were analyzed in same way as SNPs. The relationship between RIZ polymorphisms and the lung cancer risk was analyzed using both unconditional and conditional multiple logistic regression models while controlling for family history, packyears (continuous value) and smoking status (current smoker, former smoker, never smoker) as covariates. We also analyzed the association between RIZ polymorphisms and the risk of adenocarcinoma and squamous cell carcinoma, which were the two most common histologic types in our study subjects. For subset analyses by cancer histologic type or smoking status, only unconditional multiple logistic regression was used because the sample size becomes small when matched pairs were maintained in the analyses. Analyses for the association between haplotype and the lung cancer risk were performed using unconditional logistic regression at the individual level, where the covariate was defined by the number of copies (0, 1 or 2) of each haplotype that a subject carried, and the model also included family history of cancer, smoking status and pack-years as covariates. To achieve the optimal correction for multiple testing of 42 SNPs, the effective number of independent marker loci (36.593) in RIZ was calculated with the SNPSpD software on the basis of the spectral decomposition (SpD) of matrices of pairwise LD between SNPs. The resulting number of independent marker loci was applied to correct for multiple testing (32) . All reported P values are two sided. Statistical software SAS version 9.2 was used for statistical analyses (SAS Institute Inc., Cary, NC).
Results
The demographic distribution of lung cancer patients and healthy controls is shown in Table I . Lung cancer patients were more probably ever smokers than the controls (P , 0.001). The distribution of the family history of cancer was significantly different between the cases and controls (P , 0.05). Of the 335 lung cancer patients, 189 (56%) had adenocarcinomas, 77 (23%) had squamous cell carcinomas and 29 (9%) had small cell lung cancer. Forty patients (12%) have other histologic type that included unspecified NSCLC, large cell carcinoma, mixed large adenocarcinoma, adenosquamous carcinoma and sarcomatoid carcinoma.
Among a total of 120 SNPs of the RIZ gene (NM_012231), selected from the International HapMap Project data, 21 (18%) showed a monomorphic pattern in the Korean population. After excluding additional five SNPs due to Hardy-Weinberg disequilibrium (P , 0.01) and a low minimum call rate (,98%), 94 SNPs were analyzed to measure the LD ( Figure 1A) . Only a representative SNP was selected if there were absolute LDs (r 2 5 1) and 42 SNPs were finally selected for the statistical analysis. The genotype data of the 42 SNPs were used to estimate the LD block and haplotype structure of the RIZ gene. The common haplotypes (.5%) in LD blocks are indicated in Figure 1B . Three LD blocks were determined from the results of LD analysis using the Haploview software ( Figure 1C) . Table II presents the minor allele frequencies of the 42 SNPs among lung cancer patients and normal controls, and estimated odds ratios of lung cancer risk between subjects carrying one variant allele and subjects carrying no variant allele of each SNP, based on a multiple logistic regression model (log additive model) fit by controlling for smoking status, pack-years and family history of cancer as covariates. There were signals found in LD block 3 genotypes differentiating lung cancer patients from controls, specifically for the comparison of adenocarcinoma cases and controls. Ten of 19 SNPs in LD block 3 showed a significant association (P , 0.05) with the risk of lung adenocarcinoma, although eight of these 10 significant SNPs became no longer significant after the correction for multiple testing (data not shown).
Specifically, the variant genotypes of þ92337G.A and þ95701C.A were highly associated with a decreased risk of lung adenocarcinoma when compared with the normal controls [for carrying one variant allele versus none, adjusted odds ratio (aOR) 5 0.55, 95% CI 5 0.38-0.78, P 5 0.001 and aOR 5 0.54, 95% CI 5 0.38-0.77, P 5 0.0006, respectively]. To further evaluate the protective effects of þ92337G.A and þ95701C.A, we performed subset analyses based on the histologic cell type using four alternative models Pack-years of smoking were for ever smokers only. P , 0.05 from Wilcoxon's rank-sum test for the difference between lung cancer patients and controls.
K.-A.Yoon et al. RIZ polymorphism and lung cancer (the codominant, log additive, dominant and recessive model) (Table III) . From the log additive model, subjects carrying a variant allele of þ92337G.A and þ95701C.A showed significantly reduced risks for lung adenocarcinoma after correcting P values for multiple testing of 42 SNPs (aOR 5 0.55, corrected P 5 0.04; aOR 5 0.54, corrected P 5 0.02, respectively). From 19 SNPs of the RIZ gene form the LD block 3, five common haplotypes (.5% frequency) were identified with an accumulated frequency of 69.5% in the controls ( Figure 1B) . The common haplotypes were labeled and categorized as Ht1-Ht5 based on their computerestimated frequency, and other rare haplotypes were grouped together in the analyses as shown in Table IV . Subjects carrying a copy of Ht5 haplotype showed a 50% decreased risk of lung cancer (aOR 5 0.50, 95% CI 5 0.30-0.82). Although the haplotype frequencies were low, Ht5 haplotype of block 3 also showed a significantly decreased risk of lung adenocarcinoma when compared with the normal controls (aOR 5 0.28, 95% CI 5 0.13-0.58) (Table IV) . Whereas Ht1 represents that all 19 SNPs were the wild-type allele, Ht5 represents that only three SNPs were wild-type allele. The haplotypes of LD block 1 or block 2 did not yield any statistically significant association.
Discussion
Our case-control study revealed that the RIZ polymorphisms showed a significant association with lung cancer, particularly with a lower risk of lung adenocarcinomas. The retinoblastoma protein-interacting zinc finger gene RIZ is a member of a nuclear protein-methyltransferase superfamily and is also known to play an important role in a variety of The ORs (95% CI) and corresponding P values shown were estimated from a log additive model using unconditional multiple logistic regression, controlling for family history, smoking status and pack-years as covariates. P values under 0.001 are indicated in bold strokes.
K.-A.Yoon et al. LC: lung cancer cases; ns: P value is not significant at 5% significance level; corrected P value is obtained by the correction for multiple testing; The ORs (95% CI) and corresponding P values were derived from a logistic analysis controlling for smoking status, pack-years and family history as covariates. Odds ratios that are statistically significant (corrected P , 0.05) are indicated in bold strokes. The ORs (95% CI) and corresponding P values were derived from logistic analysis controlling for smoking status, pack-year and family history as covariates. RIZ polymorphism and lung cancer cancers including lung cancer (12, 15) . Frequent epigenetic inactivation of by promoter hypermethylation and frameshift mutations that result in a truncated PR-interacting domain generated the inactivation of the RIZ gene in many cancers (21) (22) (23) (24) . The functional importance and genetic alteration of RIZ in human cancers make it feasible to investigate the association between RIZ polymorphisms and lung cancer risk.
We studied 120 SNPs of the RIZ gene that were successfully genotyped in 335 Korean lung cancer patients and 335 healthy controls. The controls recruited among the cancer screenees at our hospital showed a higher prevalence of a family history of cancer than the lung cancer cases. Therefore, the association between the SNPs and the risk of lung cancer was analyzed by controlling for the family history of cancer, as well as other potential confounding variables such as smoking status and pack-years. Furthermore, to correct for the inflated false-positive (type I error) rate in multiple testing of SNPs, we applied a statistical correction method based on the SpD of matrices of the pairwise LD between SNPs. After the correction, þ92337G.A and þ95701C.A still showed a statistically significant association with a lower risk of lung adenocarcinomas. Furthermore, the analysis of frequent haplotypes of RIZ revealed that Ht5 of LD block 3 that included these two polymorphisms showed a significant protective effect on lung cancer risk. Although we found additional interesting polymorphisms associated with the lung cancer risk in LD block 3, they were no longer significant when the correction for multiple testing was applied.
As þ92337G.A and þ95701C.A are located on intron of the longest transcript variant, RIZ1 but not RIZ2, the variant allele of these polymorphisms could be associated with tumor suppressive function of RIZ1. Polymorphisms in introns may also impact the gene function by affecting the splice donor-acceptor site, or regions nearby as well as regulatory motifs within the introns. Further biological and/or functional evidence is needed to confirm the genetic effects of RIZ polymorphisms on lung cancer.
The reduced lung cancer risk associated with these two polymorphisms is more apparent in adenocarcinoma group than in squamous cell carcinoma group in this case-control study. Although we have no clear answer to explain the association of RIZ polymorphisms and adenocarcinoma, we suspect that it may be related to different demographic features of adenocarcinoma and squamous cell carcinoma as shown in Table I . Adenocarcinoma group has higher prevalence to female and never smoker than squamous cell carcinoma group. More than 90% of squamous cell carcinoma patients are ever smokers. While there are differences in demographics and smoking histories between the two groups, the possible association between squamous cell carcinoma and RIZ polymorphisms cannot be ruled out. As the number of patients with squamous cell carcinoma (n 5 77) is much smaller than that of adenocarcinoma patients (n 5 189), the effect of RIZ polymorphisms on squamous cell carcinoma can be examined by additional studies with larger sample sizes.
As RIZ was known as a tumor suppressor gene that silenced in many cancers, we hypothesize that RIZ polymorphisms may show a strong association with cancer susceptibility not only in lung cancer but also in other cancers. Further epidemiologic studies in larger populations are required to test our hypothesis.
Despite a protective effect of the RIZ polymorphisms, our study has the following limitations: first, this is a hospital-based case-control study, where the controls were recruited from among those that visited the hospital for a cancer-screening program. Therefore, it is not surprising that the prevalence of a family history of cancer is higher in the control group than in the case group. Second, this study only considers a Korean population that may limit the application of these findings to other ethnic populations.
In conclusion, this is the first study to show a significant association between polymorphisms of the RIZ gene and lung cancer risk, particularly the risk of adenocarcinomas. These results suggest that the presence of the variant allele in RIZ may be a protective factor for the development of lung cancer and could be an important marker of genetic susceptibility to lung cancer.
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